Aims/hypothesis. Syntaxin-1A (Syn-1A) is known to play a negative regulatory role in insulin secretion but the precise mechanisms for its action are not clear. Syn-2, ±3 and ±4 are also present in islet beta cells but their functions are not known. Here, we investigated the role of these syntaxins in the insulin secretory process. Methods. We examined the following effects of Syn-1, ±2, ±3 and ±4 expression in insulinoma beta-cell lines. Endogenous insulin secretion was measured by batch radioimmunoassay (RIA) and single cell patch clamp capacitance measurements. The l-type Ca 2+ channel activity was studied by patch clamp electrophysiology. Insulin gene transcription was examined by Northern blotting and measurement of insulin gene promoter activity by the co-expression of cyan fluorescent protein-labelled rat insulin promoter. Results. Syn-1A or ±3, but not Syn-2 or ±4 overexpression, inhibited K + -induced insulin release as determined by RIA (49.7 5.5 % and 49.1 6.2 %, respectively) and electrophysiologic membrane capacitance measurements (68.0 21.0 % and 58.0 13.2 %, respectively). Overexpressed Syn-1A and ±3, but not Syn-2, inhibited Ca 2+ channel current amplitude by 39.5 11.6 % and 52.7 6.0 %, respectively. Of note, overexpression of Syn-1A and ±3 also reduced single cell (by confocal microscopy) and total cellular endogenous insulin content (by RIA) by 24.8 4.2 % and 31.8 3.9 %, respectively. This correlated to a reduction in endogenous insulin mRNA by 24.5 4.2 % and 25.7 4.2 %, respectively. This inhibition of insulin biosynthesis is mainly at the level of insulin gene transcription as demonstrated by an inhibition of insulin gene promoter activity (53.3 9.15 % and 39.0 6.8 %, respectively). Conclusions/interpretation. These results demonstrate that Syn-1A and ±3 possess strong inhibitory actions on both insulin exocytosis and insulin biosynthesis whereas Syn-2 and ±4 do not inhibit the insulin secretory process. [Diabetologia (2002) 
The basic components of the insulin exocytotic machinery of pancreatic islet beta cells, collectively called SNARE (soluble NSF attachment protein receptor) proteins resemble those which mediate neurotransmitter release. [1, 2] . According to the current view of SNARE-mediated vesicle fusion, including exocytosis, SNARE proteins on the donor vesicle (v-SNARE VAMP-2 in islet beta cells and neurons) and the target membrane (t-SNAREs, SNAP-25 and syntaxin-1A in islet beta cells and neurons) interact to form a stable complex which provides the energy for membrane fusion [3] . Immunoprecipitation of this SNARE complex has identified the docked readily-releasable granule pool which is responsible for the first phase of glucose-stimulated insulin secretion [4] . The role of these SNARE proteins in vesicle fusion in neurons is well established, but the v-SNARE, VAMP-2, has been shown to be involved in synaptic vesicle biogenesis from endosomes [5] . The t-SNAREs, syntaxin-1A (Syn-1A) and SNAP-25, are capable of binding neuronal and islet beta-cell calcium channels [6, 7, 8] to further regulate the secretory process. SNAP-25 is also involved in axonal growth [9] . Many isoforms of the original SNARE proteins mediating regulated exocytotic fusion have been identified and found to be involved in other vesicle transport and membrane fusion processes of neuronal and non-neuronal cells [10] . However, the functions of the vast majority of these non-neuronal SNARE isoforms are not known.
The precise mechanisms of the dysregulation of insulin secretion and insulin biosynthesis in Type-II (non-insulin-dependent) diabetes mellitus are not known [11] . Recent studies in obese fa/fa Zucker rat [12] and non-obese GK rat [13] models of obesity and Type-II diabetes respectively, which showed reduced glucose-stimulated insulin release, found the expression of SNARE proteins to be reduced to a similar extent. Of note, increased expression by adenoviral infection of SNAP-25 or Syn-1A to normal concentrations in the GK rats, resulted in partial recovery of glucose-mediated insulin secretion [13] . This diminished expression of exocytotic SNARE proteins could be related to the chronic hyperglycaemia-induced loss of islet beta-cell differentiation resulting in an inhibition of gene expression of the components of glucose-mediated secretory pathway [14] . In contrast, short-term glucose stimulation up regulates islet beta-cell insulin biosynthesis and Syn-1A concentrations [15] . This could be a mechanism to increase the concentrations of exocytotic proteins necessary to improve secretion [15] . Glucose is capable of short-term up regulation of insulin gene transcription [16] . Taken together, these studies show that short-term and long-term glucose stimulation provide distinct forward or downstream regulation of insulin secretory components. A more recent report showed that glucose-induced increases in insulin gene transcription are largely due to the secreted insulin itself, and so provide autocrine regulation [17] . Consistent with this, we hypothesized that the SNARE proteins could provide additional feedback regulation of insulin biosynthesis. This would provide a mechanism whereby the most proximal signal, which is glucose stimulation, and distal, secretory components, including SNARE proteins and insulin, could be intricately related to control insulin exocytosis and biosynthesis. A pathologic regulation of these processes in Type II diabetes might then contribute to the abnormal glucose-mediated insulin secretory responses.
Syntaxin is perhaps the most fascinating SNARE because the coiled-coil domains within this protein are capable of interacting with a large number of proteins besides cognate SNAREs and Ca 2+ channels [18, 19, 20] . Neuronal Syn-1A, the best studied syntaxin, has also been shown to bind synaptotagmins, Munc13 and Munc18, cysteine-string proteins, complexins, and ion channels other than Ca 2+ channels (i. e. CFTR) [18, 19, 20] . Syntaxin belongs to a large gene family, but the functions of the vast majority of the isoforms are not known [10, 21] . Syn-1, ±2, ±3 and ±4 are known to be the exocytic SNARE proteins [21] . Syn-4 is well established to mediate GLUT-4 exocytosis in adipocytes and muscle cells [22, 23] . Syn-3 mediates apical exocytosis in a number of non-neuronal epithelial cells [24, 25] . These syntaxins are also endogenous proteins in pancreatic islets and several beta-cell lines [26, 27] whose actions are not known, but might possess distinct or redundant functions to Syn-1A. Supporting this, in islet beta cells, isoforms within the VAMP (VAMP-2 and VAMP-3) [28] and SNAP-25 (SNAP-25 and SNAP-23) [29] families have been shown to have redundant functions.
In this study, we explored the functional role of four plasma membrane-bound isoforms of the syntaxin family (Syn-1, ±2, ±3 and ±4) in insulin secretion and biosynthesis. These syntaxins were transiently overexpressed in the insulinoma cells. We found that overexpressed Syn-1A and Syn-3, but not Syn-2 or-4, uniformly inhibited stimulated insulin secretion as determined by radioimmunoassay and patch clamp capacitance, and reduced l-type Ca 2+ channel activity. Remarkably, we also found that this inhibition was contributed by Syn-1A and Syn-3 on insulin biosynthesis at the level of insulin gene transcription step.
Materials and methods
Materials. HIT-T15 cells were kindly provided by R. Santerre (Eli Lilly, Indianapolis, Ind., USA), INS-1 cell line by Claes Wollheim (University Medical Center, Geneva, Switzerland), and bTC6-f7 cell line by S. Efrat (Albert Einstein College of Medicine, Bronx, N. Y., USA). Mouse monoclonal antibody against HPC-1 (Syn-1A) was purchased from Sigma (St. Louis, Mo., USA), against actin from Boehringer Mannheim (Laval, Quebec, Canada), and against SNAP-25 from Sternberger Monoclonals Inc. (Baltimore, Md., USA). Rabbit anti-Syn-2 and Syn-3 polyclonal antibodies were a generous gift from M. Bennett (University of California, Berkeley, Calif., USA), and sheep anti Syn-4 antibody was kindly provided by J. Pessin (University of Iowa, Iowa, USA). Guinea pig anti-insulin antibody was a gift from R. Pederson (University of British Columbia, British Columbia, Canada), and rabbit anti-L type (a1C) from antibody was from Alomone Labs (Jerusalem, Israel). The polyclonal rabbit antibody against Aequerea victoria green fluorescent protein, recognising cyan fluorescent protein (CFP), was obtained from Clontech Laboratories (Palo Alto, Calif., USA). All other reagents used were of the highest quality commercially available.
Generation of expression plasmids. The total RNA used for reverse transcription was isolated from mouse bTC6-f7 cells with Trizol reagent (GIBCO BRL, Gaithersburg, Md., USA) following the manufacturer's instructions. The full coding regions of Syn-1A through ±4 were obtained by reverse transcriptioncoupled PCR (RT-PCR) according to manufacturer's instructions and using oligonucleotide primers to the published rat sequences [21] , as listed in Table 1 . Following cloning into PCR2.1 (Invitrogen, Groningen, The Netherlands), amplification products were verified by dideoxy sequencing with T 7 polymerase and then subcloned into pcDNA3 (Invitrogen) for overexpression of syntaxin proteins. For the generation of plasmid RIP-ECFP, 700 bp of the rat insulin-2 promoter (RIP2) was cloned into the vector pd2EYFP-1 (enhanced yellow fluorescent protein) (Clontech, Palo Alto, Calif., USA) at a Bam H1 site. YFP was replaced with enhanced cyan fluorescent protein (ECFP) from pECFP-C2 (Clontech) using Age1 and Not 1 restriction sites.
Transfection and Insulin Secretion: Transfection. Transfection of HIT-T15 and INS-1 cells and the stimulation of insulin secretion were carried out as previously described [30] . Briefly, HIT-T15 cells were grown in an atmosphere of 5 % CO 2 /95 % air in RPMI 1640 medium (GIBCO BRL, Calif., USA) containing 4.5 g/l glucose and supplemented with 10 % fetal calf serum (Cansera, Rexdale, Ont., Canada). For transfection, the cells were plated at a density of 1.8´10 5 /well in a 24-well plate. After 20±24 h of incubation (reaching about 60±80 % confluence), the cells were transfected with 0.5 mg DNA/well in a 24-well plate format using Lipofectamine reagent (GIBCO BRL) according to manufacturer's instructions. For co-transfection, half the amount of each cDNA was used. Transfection efficiency was determined using either pcDNA3/His/LacZ (Invitrogen) or pEGFP/pECFP (Clontech) as control plasmids. Overexpression of the syntaxin protein isoforms was confirmed by Western blot analysis and confocal immunofluorescence microscopy.
Insulin secretion. Two days after transfection, the cells were washed and then incubated in 0.5 ml low K + -Krebs-Ringer bicarbonate (KRB) buffer (in mmol/l, 4.8 KCl, 129 NaCl, 5 NaH-CO 3 , 1.2 KH 2 PO 4 , 1 CaCl 2 , 1.2 MgSO 4 , 0.5 glucose and 10 HEPES, pH 7.4) for 30 mins. For K + stimulation studies, the media was then exchanged with 0.5 ml of the same buffer containing either low K + (4.8 mmol/l KCl for basal secretion) or high K + (30 mmol/l KCl). At the end of incubation for 1 h, the media was collected and centrifuged at 3000 g for 3 min to remove detached cells. The resulting upper half of the supernatants was collected and determined for insulin released by radioimmunoassay according to manufacturer's instructions (Linco, St. Charles, Mo., USA). To determine cellular insulin content, the remaining supernatant was removed and 0.5 ml 1 mol/l acetic acid/0.1 % BSA was added to each well. The cells were then scraped from the wells, lysed by two 2 freeze-thaw cycles, and spun down. The resulting supernatant was then diluted with 0.2 mol/l glycine/0.25 % BSA buffer (pH 8.8) for insulin assay. The cell protein concentration for each well was also determined, and insulin values were normalized to the protein concentration. Data for stimulated release presented are always expressed as the values over basal release, which is K + -induced release minus basal release. Stimulated release was typically 1±3 times basal release.
Patch clamp and capacitance measurements. The beta-cell lines, HIT-T15 and INS-1, were studied under standard whole-cell patch clamp conditions [31] . To identify the Syn-1A, ±2, ±3 or ±4 transfected INS-1 cells, we co-expressed the pEGFP [30] . For cell capacitance measurements, the intracellular solution contained (in mmol/l) 140 KCl, 10 HEPES, 1 EGTA, 1 MgCl 2 and 3 MgATP, pH 7.3 with KOH. Extracellular solution contained (in mmol/l) 140 NaCl, 4 KCl, 1 MgCl 2 , 2 CaCl 2 and 10 HEPES, pH 7.3 with NaOH. Experiments were done at room temperature (room temperature, 22±34 C). Capacitance measurements (C m ) were then completed similarly [32, 33] . Specifically, the cells were held at ±70 mV and depolarized to 0 mV for 250 ms. Immediately following depolarization, cells were exposed to a sine wave centred at ±70 mV, and the changes in C m stimulated by this depolarizing voltage pulse were observed. These experiments were done using a quick-response lock-in EPC-9 patch clamp amplifier (HEKA Elektronik, Lambrecht, Germany) and a highspeed and memory computer (PC, Pentium III) running specialized patch clamp Pulse software (HEKA Elektronik, Germany). Using this equipment configuration, very small changes (fF range) in whole cell capacitance were monitored for secretary granule fusion.
The whole-cell patch clamp technique was used to measure l-type Ca 2+ channel activity [34] . The extracellular solution contained (in mmol/l): 120 NaCl, 20 BaCl 2 , 20 tetraethylammonium (TEA) chloride, 5 CsCl, 1 MgCl 2 , 10 glucose and 10 HEPES (pH 7.4). Patch pipette solution consisted of (in mmol/l) 120 CsCl, 20 TEA-Cl, 5 MgATP, 5 EGTA, 5 HEPES (pH 7.2). TEA and Cs were used to block K + currents. Cur- ATGAAGGACCGAACCCAGGAGC 868±847  TCTATCCAAAGATGCCCCCGA  868  Syn 2  1±19  ATGCGGGACCGGCTGCCGG  873±852  TCATTTGCCAACCGTCAAGCC  873  Syn 3  1±21  ATGAAGGACCGACTGGAGCAG  870±847  TTATTTCAGCCCAACGGACAATC 870  Syn 4  1±21  ATGCGCGACAGGACCCATGAG  891±869  TTATCCAACGGTTATGGTGATG  891 a Positions of the primers are numbered from the ATG initiation codon of the rat syntaxin cDNA sequences reported by Bennett et al. (21) rents were recorded using an EPC-9 amplifier and Pulse software with records being digitized at 10 kHz and filtered at 2 kHz (-3 dB, 4-pole Bessel filter). l-type Ca 2+ currents were elicited by 200-ms step pulses from ±60 to + 80 mV from a holding potential of ±80 mV at a stimulation frequency of 0.2 Hz. Current traces were electronically compensated for pipette and membrane capacitance and series resistance, and were normalized to cell capacitance (16.0 1.2 pF, n = 49). Experiments were done at room temperature.
Immunofluorescence microscopy and Western blot analysis. HIT-T15 cells were plated on polylysine-coated coverslips and transfected as described above. These were then rinsed and processed [26, 30] . The cells were fixed in 2 % formaldehyde for 30 mins at room temperature, blocked with 5 % normal goat serum with 0.1 % saponin for 0.5 h at room temperature, and then immunolabelled with primary antibodies against Syn-1, ±2, ±3, ±4, insulin (guinea pig), overnight at 4 C. After rinsing with 0.1 % saponin/PBS, the coverslips were then incubated with the appropriate rhodamine-labelled secondary antiserum for 1 h at room temperature, and then mounted on slides in a fading retarder, 0.1 % p-phenylenediamine in glycerol, and examined using a laser scanning confocal imaging system (Carl Zeiss, Oberkochen, Germany). Transfected cells were identified by co-expression and visualisation with EGFP/EECFP.
To visualise and determine the content of ECFP protein in cells transfected with either a vector containing the ECFP cDNA under the transcriptional control of CMV or RIP2 promoters, fluorescence imaging and Western blot analyses were carried out. ECFP was visualised using an inverted epifluorescence microscope (model IX70, Olympus Optical, Tokyo, Japan) fitted with an imaging system (Merlin, Life Sciences Resources, Olympus Optical, Tokyo, Japan) capable of digitizing the fluorescence signals.
For Western blotting, HIT-T15 cells were washed with phosphate-buffered saline (PBS, pH 7.4) and harvested in sample buffer containing 50 mmol/l TRIS (pH 6.8), 100 mmol/l dithiothreitol, 2 % sodium dodecyl sulphate (SDS), 10 % glycerol and 0.01 % bromophenol blue. An aliquot of the samples was subjected to protein determination. About 20 mg protein was separated on a 15 % SDS-PAGE, and transferred to PVDF membranes (Millipore, Bedford, Mass., USA) and identified with specific primary antibodies against Syn-1A (1:2000 dilution), Syn-2 (1:250), Syn-3 (1:1000), Syn-4 (1:1000), ECFP (1:2000), actin (1:10,000) or l-type Ca 2+ channel (1:2000) . Detection was made possible by enhanced chemiluminescence (Amersham, Arlington Heights, Ill., USA), and the specific bands were quantified by densitometric scanning of the blots.
Northern blot analysis of mRNA. Total RNA was isolated from transfected HIT-T15 cells using the same methods as described above. Generation of the Expression Constructs, and electrophoresed on a 1.2 % formaldehyde/1 % agarose gel (3±4 mg RNA/lane), and transferred to nylon membranes (Amersham Pharmacia Biotech, Baie d'UrfØ, QuØbec, Canada). The RNA was fixed to the membrane by UV-crosslinking and hybridized to insulin or human beta-actin probes which were randomly labelled with [ 32 P]-dCTP (3000C/mmol, DuPont-New England Nuclear, Cambridge, Mass., USA) using a random labelling kit (GIBCO BRL). The membranes were prehybridized for 4 h at 42 C in a buffer containing 50 % (vol/vol) deionized formamide, 5 SSPE (saline-sodium phosphate-EDTA buffer), 2 Denhardt's reagent and 0.1 % SDS. Hybridization was carried out overnight at 42 C in the same buffer containing denatured 32 P-labelled probes and 100 mg/ml denatured salmon sperm DNA (GIBCO BRL). Filters were then sequentially washed in 2 saline-sodium citrate buffer (SSC)/0.1 % SDS at room temperature for 2 x 10 min, 0.1 SSC/0.1 % SDS at 42 C for 40 min, and finally in 2xSSC at room temperature for 10 min. The mRNA level was quantified by densitometric analysis.
Statistical analysis. The results were analysed using Student's t test for single comparisons and by analysis of variance (ANO-VA) for multiple comparisons. They were expressed as means SEM in the graphs shown. A p value of less than 0.05 was considered to be statistically significant.
Results
Recombinant expression of syntaxins in HIT-T15 cells. Transient transfection of Syn-1A, -2, -3 or -4 cDNA in HIT-T15 cells resulted in increased concentrations of these proteins. Immunoblot analysis of the transfected HIT cell lysates showed at least a threefold increase of these proteins compared to the concentrations in HIT cells transfected with the empty expression vector (control) (Fig. 1A) . Confocal microscopy of these cells confirmed the uniform targeting and localisation of these overexpressed syntaxins (indicated by arrows) to the plasma membrane (Fig. 1B i, iii, v, and vi) , which is the native compartment of the endogenous syntaxins. Overexpression of these syntaxins therefore did not cause an aberrant targeting of these proteins, although in cells expressing very high concentrations of the syntaxins, as with a confocal study of the Syn-1A overexpression, there is also increased staining within the perinuclear region, probably the Golgi. Of note, Syn-3 was the only endogenous syntaxin abundantly present in the cytosol (indicated by arrowheads, Fig. 1B iii) which overlaps with the insulin granule staining (Fig, 1B  iv) . Although the estimation of the concentrations of overexpressed proteins from the immunofluorescence microscopy study is only semi-quantitative, the observed transfection efficiency of 40±50 % taken together with the immunoblot analysis, indicate that the transfected cells expressed at least a sixfold increase in the concentrations of syntaxins compared with the endogenous concentrations of control cells. When double-labelled with anti-insulin antibodies, the cells overexpressing Syn-1 or Syn-3 showed reduced insulin content (indicated by arrows, Fig. 1B ii and iv) when compared to those adjacent cells not overexpressing these syntaxins. Syn-2 or Syn-4 had no effect on cellular insulin content (data not shown).
Effects of overexpression of syntaxins on endogenous insulin in HIT-T15 cells. Ca 2+ -induced insulin secretion was first examined by high K + -induced membrane depolarization and by glucose stimulation [35] . The effects of overexpressed Syn-1A, ±2, ±3, or ±4 on K + -induced secretion of endogenous insulin from HIT-T15 cells are shown in Fig. 2A . When the absolute amounts of insulin secreted into the media were compared, both overexpressed Syn-1 and ±3 markedly inhibited high K + -induced insulin secretion by 49.7 5.5 % and 49.1 6.2 % (p < 0.01), respectively ( Fig. 2A) . Taking into account the transfection efficiency of 40±50 %, this suggests that the secretion from the transfected cells is even more profoundly inhibited, which would be consistent with previous reports on the overexpression of Syn-1A in other insulinoma cell line [13, 15, 36, 37] . Importantly, when we examined the total cellular insulin content of the Syn-1A and Syn-3 transfected cell lysates, we found that it was reduced by 24.8 4.2 % (p < 0.05) and 31.8 3.9 % (p < 0.01), respectively (Fig. 2B) . This suggests that the reduced insulin secretion could at least in part be contributed by a smaller amount of cellular insulin available for release. Overexpressed Syn-2 and ±4 had no effects on K + -induced insulin secretion and total cellular insulin. Figure 2A and the variable transfection efficiency might not accurately reflect the full effects of the overexpressed syntaxins at the single beta-cell level. We therefore did capacitance measurements of voltage-induced membrane depolarization of INS-1 cells expressing recombinant Syn-1A, ±2, ±3, or ±4 as shown in Figure 3 . The INS-1 cell was depolarized from ±70 mV (resting membrane potential) to 0 mV to evoke maximal Ca 2+ influx [32] . Like in K + -induced insulin secretion in HIT cells (Fig. 2) , both overexpressed Syn-1 and Syn-3 profoundly inhibited voltage-induced insulin secretion in INS-1 cells by 95.6 % and 75.3 % (p < 0.01), respectively ( Fig. 3A  and B) . The cells overexpressing Syn-2 and ±4 showed insulin secretion similar to the control INS-1 cells. The absolute values of the capacitance changes are 68.0 21.0 (n = 9 cells), 3. (Fig. 3B) . channel activity. To examine whether changes to insulin release by syntaxin overexpression were mediated in part by alterations in l-type Ca 2+ channel activity, we measured l-type Ca 2+ currents in HIT-T15 cells using the patch clamp technique. We have previously shown that the majority of Ca 2+ currents measured in these cells are l-type because more than 90 % of the currents measured are inhibited by 10 mmol/l nifedipine [31] . HIT-T15 cells transfected with EGFP alone displayed robust l-type Ca 2+ channels when using Ba 2+ as the charge carrier. The l-type Ca 2+ channels activated at ±40 mV and peaked at + 10 mV (-14.1 1.7 pA/pF, n = 10; Fig. 4A, B) [31] . A 40±50 % reduction in peak l-type Ca 2+ channels at + 10 mV was observed with Syn-1 (-8.6 1.4 pA/ pF, n = 13; p < 0.05) or Syn-3 (-6.7 0.9 pA/pF, n = 13; p < 0.01) overexpression but not with Syn-2 (-15.9 3.6 pA/pF) (Fig. 4B) . Overexpression of the syntaxin isoforms did not affect the voltage dependence of channel activation or selectivity ( Fig  4B) .
Effects of syntaxins on endogenous insulin secretion in the single INS-1 cells. The cell population studies in
Overexpression of Syn-1, ±2, ±3 or ±4 did not significantly affect the basal concentrations of Ca 2+ as determined by Ca 2+ microfluorimetry (using Fura2AM) and digital imaging [30] , and which were 70.8 + 3 nmol/l, 67.9 + 4.9 nmol/l, 60.2 + 6.7 nmol/l, and 74.7 + 15.0 nmol/l, respectively, compared to control concentrations of 69 + 1.8nmol/l (n = 6 cells from two experiments for each, p > 0.05). Overexpression of these syntaxins had no effect on the cellular content of the l-type Ca 2+ channel protein (Fig. 4C) .
Effects of syntaxin overexpression on insulin gene transcription. The reduced total insulin content in cells overexpressing Syn-1 and Syn-3 (Figs. 1B and 2B) suggested an effect on insulin biosynthesis. We therefore examined insulin mRNA levels in cells overexpressing Syn-1A or ±3 (Fig. 5) . Both 18S and 28S rRNA determination indicate equal loading of the samples (Fig. 5 A) . Northern blotting analysis showed that in the cells overexpressing Syn-1A or ±3, insulin mRNA concentrations were reduced by 24.5 2.5 % and 25.7 4.2 % (p < 0.05), respectively (Fig. 5B) , when compared to the control cells. Furthermore, these effects of Syn-1A and Syn-3 seem to be specific to the insulin-secretory protein rather than a generalised effect on protein synthesis. This is suggested by endogenous beta-actin content which was not affected (Fig. 5C ). The reduction of insulin mRNA concentrations correlated with the lower cellular insulin content (Figs. 1B ii and iv and 2B). We then examined whether the inhibition of insulin mRNA expression by Syn-1A and Syn-3 was at the transcription step, using a strategy similar to one previously reported [16] . Here, ECFP under the transcriptional control of the RIP2 promoter was used to examine the effects of syntaxins on reporter gene expression and the production of the ECFP. Given that heterologous cell lines are comprised of heterogeneous cells, with some not expressing insulin, this strategy provided a way to address this problem, because only cells with a beta-cell phenotype will express the translated gene product. Specifically, HIT-T15 cells were co-transfected with Syn-1A, ±2, ±3 or ±4 along with RIP2-ECFP or ECFP empty vector (CMV promoter) as a control. The appearance of HIT cells overexpressing Syn-1A or ±3, but not Syn-2 or ±4, indicated considerably less ECFP expressed under the transcriptional control of RIP2, but an almost equal amount of ECFP expressed under the control of CMV promoter (not shown). We quantitatively determined the effects of Syn-1, ±2, ±3 and ±4 on the ECFP production by Western blot analysis. As shown in a representative blot in Figure 6A (middle panel), overexpressed Syn-1A or ±3 greatly reduced ECFP content, whereas Syn-2 or ±4 had no such effects. The overexpression of Syn-1A or ±3 had no effect on endogenous actin biosynthesis, which also served as the loading control. Densitometric analysis of the blots reveals that overexpessed Syn-1A or ±3 markedly inhibited the production of ECFP under RIP2 transcriptional control by 53.3 9.1 % and 39.0 6.8 % (p < 0.01), respectively (Fig. 6A) . Similar results were obtained when RIP2-d2EYFP (destabilised enhanced yellow fluorescent protein) was used for co-transfection. These results showing Syn-1A and Syn-3 specific inhibition of RIP2-driven ECFP expression and not the CMVdriven identical protein (Fig. 6B) , indicate that their inhibitory effects on insulin biosynthesis are at the level of insulin gene transcription.
Discussion
The inhibition of insulin secretion from either pancreatic islets or insulinoma cell lines overexpressing Syn-1A has been postulated to be due to an exocytotic blockade [35, 36] . In this study we show that insulin biosynthesis is also inhibited by Syn-1A, suggesting that this inhibition probably contributes to reduced secretion. Our study showed a reduction of insulin biosynthesis and content in HIT cells overexpressing Syn-1 or Syn-3 at the steps of mRNA and insulin gene promoter activity, insulin protein content levels, and also at the single cell insulin content level as detected by confocal microscopy. In contrast, Syn-1A overexpression in another cell type, bTC3, increased insulin content [35] . Short-term glucose stimulation induced a parallel up regulation of Syn-1A expression and insulin biosynthesis in rat pancreatic islets at the translation step, and in insulinoma bTC3 cells at the level of transcription [36] . In contrast, longterm hyperglycaemia in a subtotal pancreatectomy rodent model, down regulated insulin gene transcription as a result of loss of islet differentiation [14] . Moreover, insulin itself can immediately regulate insulin gene transcription [17] . Overexpression of Syn-1A in normal rat islets inhibited insulin secretion, whereas expression of Syn-1A in Syn-1A-reduced islets of diabetic GK rats restored insulin secretion [13] . The apparent discrepancy of Syn-1A actions in these studies suggests that Syn-1A plays a complex role of regulatory and feedback inhibitory actions on the insulin secretory processes, affecting not only exocytosis [35, 36] , but also ion-channel function [7, 8] , and in this study, insulin gene transcription and biosynthesis as well. Our study therefore suggests that chronic changes in Syn-1A concentrations, provide a distal loop, in addition to insulin, to regulate insulin gene transcription. A dysregulation of the expression of Syn-1A concentrations in obesity and Type-II diabetic rat models could activate or inhibit one or several of these processes to collectively alter insulin secretion [12, 13] . Surprisingly, we show that these effects of Syn-1A, were mimicked by Syn-3 but were not observed with overexpression of other exocytic t-SNAREs, Syn-2 or Syn-4. Furthermore, these transcriptional effects specifically affected secretory proteins (insulin), and not general protein synthesis, as endogenous beta-actin and exogenous CMV-driven ECFP were not affected. In further support, Syn-1A overexpression also did not affect glucose metabolism in bTC3 cells [36] .
Consistent with our findings is the report that GK rats islets contain reduced expression of Syn-1A but markedly increased proinsulin biosynthesis [13] . More interestingly, restoration of Syn-1A or SNAP-25 expression in these GK rat islets partially restored glucose-induced insulin secretion [13] . We had reported that in fa/fa Zucker rats, VAMP-2 and SNAP-25 expression were also reduced along with Syn-1A, and this was associated with basal hyperinsulinaemia and reduced high-glucose-induced insulin secretion [12] . It has been postulated that the increases in proinsulin biosynthesis could be a response to shows that Syn-1A, ±2, ±3, or ±4 have no effect on ECFP production under the transcriptional control of the CMV promoter. Upper panel shows a representative blot and the lower panel is a summary of three separate experiments (means + SEM). *p < 0.01 compared to control A B accelerated insulin degradation [13] . Our alternative explanation would be that Syn-1A inhibits proinsulin biosynthesis at the transcription step. Nonetheless, these studies taken together indicate that Syn-1A is a key protein which maintains a balance between the biosynthesis and secretion. In contrast to our results with beta-cell lines which possess both constitutive and regulated secretory pathways, co-expression of Syn-1A and human growth hormone in the constitutive COS-cell model resulted in an increase in storage of growth hormone in vesicles and decreased constitutive release, which together increased cellulargrowth hormone content [37] . COS cells possess only constitutive pathways, and do not express endogenous Syn-1A or secretory proteins (growth hormone). This discrepancy suggests that Syn-1A has preferential actions depending on the cell types and their predominant secretory pathways. Such diverse and sometimes contradictory actions of Syn-1A could also in part be explained by Syn-1A binding to a large and increasing number of proteins which mediate distinct cellular actions [18, 19, 38] . An inappropriate stoichiometry between Syn-1A and these proteins would therefore be expected to alter these cellular processes.
Our report shows that a syntaxin (Syn-3) other than Syn-1A has profound effects on the insulin secretory process. Whereas the structure-function of Syn-1A is becoming more clear [18, 38] , little is known about the structure-function of the other syntaxins [10, 21] . The presumed functions of these syntaxins have been deduced from their structural similarities to Syn-1A. Indeed, the striking similarity of the effects of Syn-1A and Syn-3 in the inhibition of insulin biosynthesis, K + -induced insulin secretion and l-type Ca 2+ channels strongly suggests that these effects could be mediated by analogous functional domains within these proteins [21] , and also, that similar associated proteins exist which bind these domains. Syn-3 shares 64 % of the same amino acid structure as Syn-1A [21] and the coiled coil domains which bind many proteins are conserved in these syntaxins [18, 39] . Both syntaxins bind SNAP-25 and VAMP-2 to form stable complexes [39, 40] , and also Munc18 a and Munc18 b, which blocked the formation of these complexes [41] . Both syntaxins could be cleaved by botulinum neurotoxin C, although Syn-3 is somewhat resistant to proteolytic cleavage [42] . There are, however, some differences between Syn-3 and Syn-1A. They are in distinct cellular locations in epithelial cells [21, 24, 45] . Whereas HIT and islet beta cells contain both syntaxins [26] , non-neuronal cells more often contain abundant Syn-3 (and Syn-2 and Syn-4) but Syn-1 was undetectable [24, 25, 43, 44] . Syn-3 was also present in the cytoplasm of the HITcells which overlaps with the insulin labelling. This is similar to the Syn-3 location on zymogen granules of pancreatic acinar cells [24, 45] and tubulovesicles of gastric parietal cells [43] . In acinar cells, Syn-3 is thought to play a role in homotypic secretory granule fusion [24, 45, 46] , which is part of the process of compound exocytosis. Syn-3 might play a similar role in islet beta cells in lieu of the recent study showing that compound exocytosis also occurs in islet beta cells [47] . This is also supported by our study showing that overexpression of Syn-3 inhibits insulin exocytosis, as demonstrated by capacitance measurements. However, it would be difficult to precisely determine this action of Syn-3 in the present study because of the inhibition on insulin biosynthesis. In MDCK cells [24] and hepatocytes [44] , Syn-3 is more abundant on apical plasma membranes. In these non-neuronal cells, Syn-3 is thought to be the putative syntaxin mediating apical exocytosis. This apical membrane targeting in epithelial cells [48] shows similarities with axonal protein targeting in neurons. By showing similar inhibitory effects of Syn-1A and Syn-3 on Ca 2+ induced insulin secretion and l-type Ca 2+ channel current, our data suggest that Syn-3 in non-neuronal cells could serve some functions of neuronal Syn-1A. Surprisingly, Syn-3 also has similar actions as Syn-1 in inhibiting insulin gene transcription and biosynthesis in HIT cells. Syn-3 could therefore have a similar effect on the synthesis of secretory proteins in non-neuronal cells. Interestingly, Syn-2, which also shares a high homology ( > 60 % amino acid identity) to Syn-1A and Syn-3 [21] , and binds some similar proteins [39, 40] , did not mimic these Syn-1A or Syn-3 actions on HIT cells, nor Syn-1A and Syn-3 actions on Ca 2+ channels [7, 8] (Fig. 4) in this study. The redundant effects of Syn-1A and Syn-3 in insulin secreting beta cells follow the same theme of VAMP [28] and SNAP-25 proteins [29] . The overlapping function of Syn-3 on insulin secretion can now in part also be explained by an inhibitory action on the l-type Ca 2+ channel (Fig. 4) . Taken together, our results show that the SNARE protein syntaxins could mediate an additional new action on the insulin secretory process which is insulin gene transcription. Furthermore, Syn-3 is capable of mimicking the cellular actions of Syn-1A, including insulin biosynthesis, insulin exocytotic fusion processes and l-type Ca 2+ channel inhibition, probably by similar mechanisms. Further studies are required to identify the functional significance of Syn-2 and Syn-4 in islet beta cells.
